Initiation of poliovirus (PV) protein synthesis is governed by an internal ribosome entry segment structured into several domains including domain V, which is accepted to be important in PV neurovirulence because it harbors an attenuating mutation in each of the vaccine strains developed by A. Sabin. To better understand how these single point mutations exert their effects, we placed each of them into the same genomic context, that of PV type 1. Only the mutation equivalent to the Sabin type 3 strain mutation resulted in significantly reduced viral growth both in HeLa and neuroblastoma cells. This correlated with poor translation efficiency in vitro and could be explained by a structural perturbation of the domain V of the internal ribosome entry segment, as evidenced by RNA melting experiments. We demonstrated that reduced cell death observed during infection by this mutant is due to the absence of inhibition of host cell translation. We confirmed that this shut-off is correlated principally with cleavage of eIF4GII and not eIF4GI and that this cleavage is significantly impaired in the case of the defective mutant. These data support the previously reported conclusion that the 2A protease has markedly different affinities for the two eIF4G isoforms.
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Poliovirus (PV)
1 is a picornavirus whose positive strand RNA genome serves directly as the template for viral protein synthesis after its introduction into the target cell. The RNA genome of ϳ7400 nt is uncapped at its 5Ј end and possesses an unusually long 5Ј noncoding region (5Ј NCR) of some 740 nt (reviewed in Ref. 1) . The presence of extensive secondary (and doubtless tertiary) RNA structure (see Fig. 1A ) and numerous silent AUG codons in this 5Ј NCR are incompatible with translation initiation via the classical cap-and 5Ј end-dependent scanning mechanism. Instead, it is now well established that translation initiation on all picornavirus RNAs studied follows direct, internal entry of 40 S ribosomal subunits at an internal ribosome entry segment (IRES), consisting in PV of some 450 nt of highly structured RNA (reviewed in Ref. 2) . Although PV IRES-driven ribosome recruitment is dependent on noncanonical translation factors, canonical eucaryotic initiation factors (eIFs) are also necessary. However, subtle differences in the forms of the eIFs required between the IRES and classical, capped cellular mRNAs allow PV to selectively block host cell translation, while translation of its own RNA continues unabated. A key event in host cell shut-off by PV and other enteroand rhinoviruses is cleavage of the eIF4G component of the eIF4F complex by the viral 2A protease (3) . This cleavage separates eIF4E (the cap-binding protein) from the eIF3 complex responsible for contacting the 40 S ribosomal subunit. Thus, cap-dependent translation initiation is abolished without a loss of PV IRES activity, which functions efficiently with the fragment of eIF4G that binds eIF3 (4) .
PV is a neuropathogenic virus that is transmitted via the fecal-oral route, and which specifically destroys the motorneurons of the central nervous system in approximately 1% of infections causing paralytic poliomyelitis (5) . During the 1950s, two types of PV vaccines were developed. The first was an injectable formaldehyde-inactivated virus preparation (6) . The second involved oral administration of live-attenuated vaccine strains (7) , which are capable of growing efficiently in many cell lines but not in neuronal cells. Despite distribution problems imposed by the maintenance of the cold chain, the oral Sabin PV vaccine has been widely used in developing countries because of its efficacy and ease of administration, and its use has contributed significantly toward the forthcoming global elimination of PV. However, despite intensive studies, the molecular mechanism of attenuation of these vaccine strains still remains unclear (reviewed in Ref. 8) . Among the mutations that the attenuated viruses harbor in their genomes compared with their virulent counterparts, only certain mutations are directly responsible for the attenuated phenotype (for review, see Refs. 5 and 9). Remarkably, for each vaccine strain, a major attenuating mutation is located in a remarkably similar position within domain V of the IRES (see Fig. 1B ). These mutations are an A to G transition at nt 480 for PV Sabin 1, a G to A transition at nt 481 for type 2, and a C to U transition at nt 472 for type 3. It is thus tempting to propose that viral attenuation is due to a decrease in the efficiency of IRES-driven translation, caused by a destabilization of the RNA structure of domain V.
In effect, it has been shown that PV attenuation could be correlated with less efficient translation initiation of the vaccine strains compared with their parents, a property that is exaggerated in cells of neuronal origin (10) . Moreover, for PV * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. 1 The abbreviations used are: PV, poliovirus; IRES, internal ribosome entry segment; wt, wild type; nt, nucleotide(s); NCR, noncoding region; eIF, eucaryotic initiation factor; RRL, rabbit reticulocyte lysate(s). Sabin 3 , the mutation at nt 472 alone was proven to be sufficient for this reduced translational capacity (11, 12) . The consequence of this mutation was suggested to be the partial destabilization of the RNA secondary structure of domain V of the IRES (13), leading to reduced recognition of this region by factors necessary for PV translation initiation. Similarly, it has been demonstrated that Krebs-2 cell extracts were less efficient in correcting aberrant translation initiation on the PV Sabin 1 and 3 RNAs than on the neurovirulent parental RNAs in rabbit reticulocyte lysates (RRL) (11) . Effectively, cytoplasmic extracts from permissive cells are required to increase both the efficiency and fidelity of PV RNA translation in RRL (14) . One can thus imagine that the Sabin mutations alter fixation sites for IRES-specific cellular translation factors present in these cytoplasmic extracts. This is apparently the case for a PV IRES harboring the Sabin 3 domain V mutation, with respect to binding of the noncanonical translation initiation factor PTB (polypyrimidine tract-binding protein) (15) .
The impact of the Sabin mutations on the RNA secondary structure of domain V remains unclear. In the context of the predicted secondary structure model of domain V of the enteroand rhinovirus IRESs (presented in Fig. 1B for PV1, Mahoney strain (PV1(M))) (16 -19) , the introduction of the Sabin mutations would be expected to have little effect. For the Sabin 1 and 3 strains, canonical Watson-Crick A-U and C-G pairs would be replaced, respectively, by relatively stable G-U and U-G pairs, and for the Sabin 2 strain, an unpaired G residue would be replaced by an A. However, several studies have predicted that the introduction of mutations near the attenuating site would destabilize domain V based on thermodynamic criteria (13, 17, 18) , on biochemical data with various point mutations for PV3 (18) , and on linker scanning mutations for PV1 (20) . Studies of phenotypic revertant viruses have demonstrated that neurovirulence was recovered if RNA predicted secondary structure was re-established (13, 15, 21) .
In this study, we examined the question of whether the Sabin attenuating mutations in the IRES are serotype-specific (i.e. if they only act at a precise position in a given genomic context) or whether they could be transferred from one PV serotype to another. The relationship between structure and function was evaluated for IRESs carrying each mutation equivalent to the attenuating mutations. Importantly, the data presented here suggest that deleterious effects are observed for the mutant carrying the mutation equivalent to the Sabin 3 mutation. These effects are due in part to an impaired cleavage of eIF4G, which resulted from a reduced rate of translation initiation (and 2A protease accumulation) after infection.
EXPERIMENTAL PROCEDURES
Bacteria, Bacteriophage, and Plasmid Constructions-Two Escherichia coli strains were employed, using standard techniques (22) : TG1 for plasmid propagation and RZ1032 for production of phagemid singlestranded DNA for site-directed mutagenesis. The bacteriophage M13 R408 was used as a helper virus.
First, domains V (nt 448 -556 of PV1(M)) and IVϩV (nt 234 -556 of PV1(M)) were amplified by PCR using the infectious cDNA clone pT7-PV1-52 (23) as the template or the cDNA clone pAM510Ab kindly provided by A. Martin (containing the PV1(M) cDNA with nt 2759 -2785 of PV2 Lansing strain and carrying the Sabin 1 mutation at nt 480 (24) ) to engineer domain V with the sab1 mutation. The primers used were 5Ј-CGGCCCCTGAATGCGGC-3Ј (nt 448 -464 of PV1(M)) or 5Ј-AAGCTTATGTACTTCGAGAA-3Ј (nt 234 -253 of PV1(M)) and 5Ј-CG-GATCCGGACACCCAAAG-3Ј (antisense, nt 556 -544 of PV1(M) with a BamHI site precisely at the 3Ј end of domain V). PCR conditions were 1 min 20 s at 94°C; then 30 cycles of: 35 s at 94°C, 1 min at 55°C, and 40 s at 72°C; followed by a final incubation of 10 min at 72°C, using PerkinElmer Life Sciences PCR buffer, 200 M dNTPs, 500 nM primers, and 2-3 units/100 l of Taq DNA polymerase (PerkinElmer Life Sciences). PCR products were cloned directly into the pGEM-T Easy vector (Promega), giving the pGTe-V or pGTe-IVϩV series of phagemids.
pGTe-V-wt and pGTe-IVϩV-wt phagemids were used as templates for site-specific mutagenesis based on the principle of bacteriophage M13 mutagenesis (25) to give the series of pGTe-V or pGTe-IVϩV mutants carrying the Sabin mutations at position 481 (sab2) and 469 (sab3; the equivalent position of PV3 nt 472) (see Fig. 1B ). For mutagenesis, the primers were 5Ј-CAACCTCGGAACAGGTGGTC-3Ј (nt 471-490 of PV1(M), for sab2 mutants) and 5Ј-GCGGCTAATTCCAAC-CTCGG-3Ј (nt 460 -479 of PV1(M), for sab3 mutants). The pGTe-IVϩV plasmid containing the sab3 mutation was obtained by transfer of the BsmI/BamHI restriction fragment (nt 462-556) of the pGTe-V-sab3 plasmid into the pGTe-IVϩV-wt plasmid.
The second step of plasmid construction was to transfer the BlpI/ PflMI restriction fragments (nt 286 -502 of PV1(M)) of the pGTe-IVϩV plasmids into the pKK-C2 plasmid, which contains the PV1(M) sequence deleted for nt 2547-6303 (26) , to produce the pKK series of plasmids used for in vitro translation assays. Third, the mutated SalI/ NheI restriction fragments (containing nt 1-2468 of PV1(M)) of the pKK plasmids were introduced into the full-length cDNA clone pT7-PV1-52, giving the pPV series of plasmids. Finally, to engineer the pV plasmids used for RNA melting experiments, the EcoRI/BamHI restriction fragments containing the mutated domain V were transferred from the pGTe-V plasmids into the pGEM-1 vector (Promega).
Cells, Transfections, and Infections-HeLa monolayer cells and IMR-32 neuroblastoma cells were grown in Dulbecco's modified Eagle's medium with 5 and 10% fetal calf serum, respectively.
For transfection into HeLa cells, pPV plasmids were first linearized by EcoRI and then in vitro transcribed in KH 2 PO 4 /K 2 HPO 4 buffer using bacteriophage T 7 RNA polymerase exactly as described previously (27) . Monolayers of HeLa cells in 35-mm plates (10 6 cells/plate) were used for transfection in the presence of DEAE-dextran as described previously (27) . Transfection under semi-solid medium (0.9% noble agar) served to determine the specific infectivity of in vitro transcribed RNAs and to obtain plaque-purified virus, which was amplified once in HeLa cells to give viral stocks. Viral phenotypes were determined by plaque assay on HeLa cells at 37 and 40°C (28) . To sequence viral stocks, cytoplasmic RNA extracted from infected monolayers of HeLa cells served as a template for reverse transcription from the antisense nt 846 followed by PCR between nt 67 and 846. The DNA product obtained was then sequenced automatically from nt 67 to 615 using a BigDye Terminator kit (Amersham Biosciences).
One-step growth curve experiments were performed in IMR-32 cells at 37 and 40°C, after infection at a multiplicity of infection of 10 as determined by titration of virus stocks on HeLa cells, as described previously (28) . Virus titers were determined by the end point dilution method (29) on HeLa cell monolayers at 37°C.
In Vitro Translation-Purified plasmids of the pKK series were linearized by EcoRI, and RNA was transcribed in vitro in Tris buffer using bacteriophage T 7 RNA polymerase as described previously (28) . RNA preparations were purified on G-50 Sephadex spin columns (Roche Applied Science) prior to ethanol precipitation. In vitro translation reactions were carried out in nuclease-treated RRL (Flexi; Promega) (30) supplemented with increasing concentrations (from 0 to 20%) of HeLa or IMR-32 cell S10 extracts prepared and treated with micrococcal nuclease as described (31) . Added MgCl 2 was maintained constant at 0.33 mM, whereas total added KCl was optimized according to the batch of RRL used, varying from 75 to 95.5 mM. The reactions were programmed with uncapped mRNAs at concentrations from 5 to 20 g/ml and incubated at 30°C for 90 min. Translation products were analyzed by SDS-polyacrylamide gel electrophoresis, using gels containing 23% (w/v) polyacrylamide. Dried gels were exposed to Biomax Film (Kodak) typically for 2 days. Quantification of translation products was carried out by densitometry of autoradiograms using NIH image software, using multiple exposures of the gels to ensure that the linear response range of the film was respected.
RNA Melting Experiments-Purified plasmids of the pV series were linearized with SalI (15 nt downstream of the end of domain V) prior to transcription in Tris buffer as for in vitro translation. RNA concentration was adjusted to 0.2 M in 10 mM sodium cacodylate buffer (pH 7.0) (32) . In experiments involving the addition of monovalent cations, EDTA was added to 0.5 mM to remove any traces of divalent cations. UV melting curves were measured on a Uvikon XL spectrophotometer equipped with two racks connected to a temperature control unit and a computer running the LifePower TM Junior software (both Biotek). 500 l of sample was sealed in each cuvette with a layer of mineral oil and a Teflon stopper. Annealing took place directly in the cuvette; to ensure reproducibility, we routinely measured three heating/cooling cycles at a heating rate of 0.5°C/min, and data from the first cycle was discarded. Precipitation of RNA and separation on a 5% polyacrylamide gel con-taining 8 M urea followed by staining with toluidine blue revealed no significant RNA degradation after three heating cycles. The data were collected from 20 to 80°C at 0.5°C intervals. Data analysis was performed using Kaleidagraph 3.5 and Microsoft Excel software packages. The raw data was separated into single heating or cooling runs and interpolated to obtain uniform data sets. The derivative of the absorbance as a function of temperature was calculated using the locally weighted least squared error method provided by the Kaleidagraph program. The resulting melting profiles were normalized and plotted versus temperature. The curves shown are averaged over two or three heating-cooling cycles each.
Ex Vivo Translation Experiments and Western Blotting AnalysisFor ex vivo translation experiments, monolayers of HeLa cells in 35-mm plates (10 6 cells/well) were infected with different mutants at a multiplicity of infection of 10. After 30 min of adsorption, 2 ml of Dulbecco's modified Eagle's medium without serum containing 2.5 g/ml actinomycin D, to inhibit cellular transcription, were added. We ruled out the possibility that the sab mutant viruses had acquired an increased sensitivity to actinomycin D, compared with the wild type. To this end, global virus production was measured after infection at an multiplicity of infection of 10 plaque-forming units/cell in the absence of actinomycin D or in the presence of 2.5 g/ml of this drug (data not shown). Infected HeLa cells were incubated for 0.5-10 h at 37°C. 30 min before the desired time post-infection, the cells were depleted of methionine, and then 24 Ci of [ 35 S]methionine (Amersham Biosciences; Ͼ1000 Ci/ mmol) were added, and the cells were incubated for 1 h. The cells were then lysed using 0.5% Nonidet P-40 (33) . After centrifugation of the lysed cells to remove nuclei (12000 rpm, 3 min), 1 ⁄20 of the cytoplasmic (19) . Arrows indicate the names and the natures of the different mutations studied in this work.
extract was loaded onto a SDS-polyacrylamide gel containing 23% (w/v) polyacrylamide and analyzed by autoradiography.
Western blot analyses of eIF4GI and II were performed on ex vivo translation reactions exactly as described previously (4) . Primary antibodies used were the ZP1 antibody kindly provided by R. E. Rhoads, which detects intact eIF4GI and its N-terminal cleavage product, and the #2119 antibody kindly provided by N. Sonenberg, which detects intact eIF4GII and its C-terminal cleavage product. The membranes were then incubated with horseradish peroxidase-linked anti-rabbit secondary antibodies and were revealed by enhanced chemiluminescence (ECL Plus; Amersham Biosciences).
RESULTS
Numerous mutations distinguish each of the neurovirulent strains of PV from their attenuated counterparts. Some of these mutations contribute directly to the attenuated phenotype of these vaccine strains (for a review, see Ref. 8) . Interestingly, a mutation located in domain V of the IRES (Fig. 1A) is present in all of these attenuated strains, at a remarkably similar position within a 13-nt region of this domain (Fig. 1B) .
To test the impact of each of these mutations in domain V alone on the PV phenotype, we have constructed mutants that carry only the mutations equivalent to the sabin mutations found in domain V of each of the vaccine strains, based on primary sequence alignments and secondary structure predictions, and in the same genomic context, that of PV1(M). In this way, we could also evaluate whether each attenuating mutation was PV strain-specific or whether this phenotype was attributable to a global perturbation of domain V of the IRES because of a single mutation, which is transposable to another PV genomic context. Consequently, the three sab mutations were introduced into the equivalent position of the PV1(M) genome: A 480 3 G for the sab1 mutant, G 481 3 A for the sab2 mutant, and C 469 3 U for the sab3 mutant ( Fig. 1B and see "Experimental Procedures").
Infectivity of the Mutant Viruses-To study the growth capacities of these mutants, HeLa cell monolayers were transfected with RNA transcripts synthesized in vitro from the fulllength mutated cDNAs. The specific infectivities calculated for the PV1 sab1 and sab2 mutants were similar to the wild type, in contrast to the PV1 sab3 mutant, which showed 1 log less infectivity (Table I ). This suggested that the PV1 sab3 virus, although still viable, was handicapped as compared with the others. Sequencing of the RNA of virus stocks used for further experiments showed that in all cases the expected mutation had been retained, and no other mutation had accumulated within the IRES (data not shown). However, because the entire viral genomes were not sequenced, it cannot be ruled out that mutations had accumulated elsewhere. Indeed, in the 2A protease gene, which was sequenced, a C to A change was found in the case of the PV1sab3 virus at position 381. Although it cannot be formally excluded that this is a deleterious mutation, it seems unlikely because no amino acid change in the 2A protease results from this change.
The phenotypic properties of the mutant viruses produced after transfection were determined in HeLa cells by infecting these cells under semi-solid medium to observe the plaque phenotypes of the viruses. The sab1 and sab2 mutants exhibited a large plaque phenotype at 37°C, comparable with wild type virus. In contrast, the sab3 mutant gave a pronounced small plaque phenotype, indicating that its growth was severely affected in HeLa cells (Fig. 2) . To test the temperature sensitivity of these viruses, the plaque assay was repeated at 33 and 40°C. The results obtained were comparable with those observed at 37°C, both in terms of virus titers and relative plaque phenotypes (data not shown). These mutant viruses are thus apparently not temperature-sensitive in HeLa cells.
We next determined the growth capacities of these viruses in IMR-32 cells, which derive from a middle-differentiated human neuroblastoma, to evaluate whether the mutations had cell type-specific effects. IMR-32 cells adhere poorly to culture dishes, so we were unable to classically test plaque phenotype under semi-solid medium. Instead one-step growth curve experiments were performed, collecting the intracellular viruses produced by IMR-32 cells infected at 37 and 40°C, from 0 to 18 h post-infection. Virus production at each time point was determined on HeLa cells by the end point dilution method (Fig. 3) . For the wild type virus, three phases of infection were evidenced: the eclipse phase, which occurs upon adsorption of the virus and entry; a period of intense viral production attaining a peak at 10 h post infection; and finally a decrease in the measured viral production caused by lysis of the infected cells (Fig. 3, black squares) . The sab1 and sab2 mutants showed growth curves with a similar profile to the wild type virus at the two temperatures tested, with a maximum titer that was only 1 log less than the wild type, indicating a slightly affected multiplication in IMR-32 cells. In contrast, the sab3 mutant had a significantly delayed infectious cycle at 37°C compared with the wild type and had still not reached a plateau between 10 and 18 h post infection, although it was at the maximum wild type titer at this latter time (Fig. 3, open circles) . At 40°C, its growth was even more handicapped because titers never reached the wild type level and in fact remained approximately 2 logs less than that of the wild type throughout the infectious cycle.
The Altered Growth of the sab3 Mutant Correlates with a Translational Defect-To determine whether the altered growth observed for the sab3 mutant in the two cell lines was due to a translational defect, we examined the in vitro translational capacities of these mutants. Plasmids lacking a large portion of the open reading frame of the PV1(M) genome were used to this end, because translation of RNAs derived from such plasmids results in the synthesis of a single translation product that is not proteolytically processed. Quantification of translation efficiency is thus significantly facilitated (see "Experimental Procedures"). In vitro translation assays were performed in a RRL-based system supplemented with increasing concentrations of cytoplasmic S10 extracts from HeLa (Fig. 4A) or IMR-32 ( Fig. 4B ) cells with low doses of RNA (5 g/ml), which were found to be more discriminating than higher RNA doses (10 or 20 g/ml, data not shown). The addition of cytoplasmic extracts from HeLa or IMR-32 cells provides the noncanonical initiation factors necessary for optimal PV IRES function, which are absent or limiting in RRL. Thus, an increase in the translational capacity of the wild type IRES is typically observed upon supplementation of translation extracts with such cytoplasmic extracts (Fig. 4, wt curves) . The sab1 and sab2 mutant IRESs retained up to 60% of the wild type efficiency to direct translation initiation in the two cell extracts used, which is a sufficient level to ensure a quasi-wild type phenotype ex vivo (26) . For the sab3 mutant IRES, very little translation could be detected, and the IRES was insensitive to the addition of the noncanonical factors from S10 extracts, indicating that this mutant was seriously affected in its translation efficiency.
The Altered Translation of the sab3 Mutant Is Correlated with a Structural Modification of Domain V-We wanted to test whether the in vitro translational defect of the sab3 mutant was due to an impaired folding of the mutant domain V as has previously been suggested (13) . To this end, we carried out RNase T 1 and lead acetate probing experiments that readily reveal RNA secondary structure alterations at the individual nucleotide level (28) . For the three mutants examined in this study, no striking differences compared with the wild type profile were detected (data not shown). However, minor shifts in relative band intensities were indicative that the sab3 mutant structure was not strictly identical to the wild type. Therefore, a second powerful tool to assess more global RNA structural changes was applied: RNA melting. This technique is based on comparative RNA structural profiling of related RNAs by examination of their thermal transition patterns. Major cooperative transitions will result in a peak in the melting profile. When comparing mutant RNAs, the comportment of the peaks acts as a sensitive indicator of RNA structural differences (32, 34) .
In the case of the PV domain V, as with most complex RNAs, we observed a reorganization of the melting profile when passing from very low ionic strength (10 mM monovalent ions) to more physiological concentrations (100 mM). Any further increase (500 mM) only resulted in a regular shift of the T m to higher temperatures as expected from the progressive screening of the negatively charged RNA backbone. Protein cofactors would also screen the RNA backbone, because they usually lead to stable RNA-protein complexes. Thus, the low salt profile can be considered to approximate to the behavior of a "naked" RNA, whereas the high salt profile would be more representative of the RNA in presence of its cofactors.
When comparing the dA 260 /dT derivative melting curves obtained with all four IRES constructs, we noted that the low salt curve (Fig. 5A) showed at least three distinguishable transitions (at approximately 30, 45, and 55°C) that were similar for wt, sab1, and sab2 mutants. However, the sab3 mutant exhibited a very prominent first transition at approximately 30°C. When passing on to high salt conditions, the curves changed (Fig. 5, B and C) ; unfolding became more cooperative and transitions condensed in two major peaks. One (60°C at 100 mM and 70°C at 500 mM) is invariant in all IRES constructs. The other differs between wt/sab3 (50°C at 100 mM and 65°C at 500 mM) and sab1/sab2 (45°C at 100 mM and 59°C at 500 mM). Thus, wt and sab3 resembled each other with respect to stability at high salt, whereas sab1 and sab2 were significantly less stable. Thus, grouping of RNA according to melting profile at low salt concentrations correlates better with biological properties than does grouping according to melting profiles at high salt concentrations. The similar behavior of wt and the sab3 at high salt concentration mutant could indicate that binding of protein cofactors results in a qualitatively similar IRES structure with similar motifs being formed but less efficiently in the sab3 mutant. In contrast, the effects elicited by the sab1 and sab2 mutants would suggest that these mutants belong to another category.
The sab3 Mutant Shuts Off Cellular Synthesis Poorly, Because of a Lack of eIF4G Cleavage-In view of the results obtained concerning the in vitro translational capacities of the sab3 mutant IRES, we wanted to examine to what extent the sab3 mutant virus was able to synthesize its own proteins in infected cells. Because its growth defects were similar in the two cell lines studied, we decided to examine its ex vivo characteristics only in HeLa cells at 37°C. The cells were infected with the wild type or sab3 viruses, and the proteins synthesized in infected cells during each hour post-infection were analyzed from 1 to 8 h post-infection. A significant shut-off of cellular protein synthesis to the benefit of viral protein synthesis began at 3 h post-infection and became evident 4 h post-infection for the PV1 wt, such that viral translation became predominant (Fig. 6A, left panel) . In contrast, the sab3 mutant gave significantly different kinetics. In fact, it was unable to shut off cellular protein synthesis until at least 6 h post-infection (Fig.  6A, right panel) . Moreover, the sab3 mutant was capable of very little viral protein synthesis, as evidenced for example by production of reduced quantities of the P1, VP3, and 2A viral proteins (Fig. 6A, asterisks) .
To investigate why the sab3 mutant was unable to induce a shut-off of host cell translation, an analysis of the state of eIF4G in infected HeLa cells was performed. Two isoforms of eIF4G exist in the cell: eIF4GI and II, both of which are cleaved during PV infection by the 2A viral protease (3). Although cleavage of eIF4GI occurs earlier in infection than that of eIF4GII, there is still debate as to which cleavage event is responsible for the inhibition of cellular translation (35, 36) . To investigate the occurrence of these cleavages during infection by the PV1 wt and sab3 mutant viruses, the cell lysates harvested in the experiment shown in Fig. 6A were blotted with antibodies directed against the N-terminal part of eIF4GI (Fig.  6B) or against the C-terminal part of eIF4GII (Fig. 6C ). After infection with wild type virus, cleavage of eIF4GI begins very early, at 2 h post-infection, approaching completion at 3 and 4 h post-infection. Cleavage of eIF4GII also began to be visible at 2 h post-infection, but in this case a significant difference in cleavage importance was seen between 3 and 4 h post-infection, which correlates with the difference in the level of shut-off of cellular protein synthesis seen between these times. Indeed densitometric scanning showed 50% less host cell protein at 4 h post-infection than at 3 h post-infection (data not shown). In cells infected with the sab3 mutant, the kinetics of cleavage of both eIF4G isoforms was delayed compared with the wild type. eIF4GI cleavage was essentially displaced by one time point during the whole experiment (Fig. 6B ). For eIF4GII, again cleavage was displaced temporally for the sab3 mutant compared with the wild type. Moreover, the large majority of this isoform remained uncleaved at 8 h post-infection (Fig. 6C) . However, it should be noted that eIF4GII was essentially cleaved if the infection was prolonged to 10 h (data not shown). DISCUSSION Intensive studies have been aimed at elucidating the mechanism of attenuation of the three PV vaccine strains developed by Albert Sabin (reviewed in Refs. 8, 9, 37, and 38). However, the molecular basis of attenuation still remains poorly understood. It is interesting that among the mutations that directly contribute to the attenuation phenotype, each of the attenuated strains harbors a mutation localized in the same region of domain V of the IRES (37) (Fig. 1B) . In this study, we have addressed the question of whether the attenuating mutations of domain V of the PV IRES were specific for a given genomic context or whether they could be transposed to another PV serotype, PV1(M). The analyses we carried out are complementary to those of an independent study where the same global question was addressed (39) .
All of the mutant viruses examined were viable. In addition, their phenotypic properties were in good correlation with the impact of each mutation in their own parental context. Effectively, there are only two attenuating mutations in the PV Sabin 3 genome, and the mutation at nt 472 alone is in large part responsible for the attenuating phenotype. In contrast, as many as 10 different mutations contribute to attenuation of the virulent parental strains of serotypes 1 and 2 (8) . We found that although all of the mutants studied showed alterations in virus growth and translation efficiency compared with the wild type, the sab3 mutant was particularly defective, and this virus performed extremely poorly. This indicates that the Sabin mutations transposed to another genomic context continue to have a deleterious effect on virus growth, at least the Sabin 3 mutation. Interestingly, many of the phenotypic defects observed with the sab3 mutant were more pronounced than might have been expected. In effect, it exhibited similar replicative defects in both HeLa and IMR-32 cells, whereas a chimeric PV3/PV2 strain harboring the C 472 3 U mutation has been shown to be handicapped only in neuronal cells (40) .
We focused on the mechanism hampering multiplication of the sab3 mutant and examined viral protein synthesis in vitro and the kinetics of the shut-off of cellular translation during infection. However, a future orientation of this work will be to examine the effect of the sab3 mutation on RNA synthesis per se. Effectively, it has previously been shown that the IRES plays a role not only in protein synthesis but also directly in RNA replication (26) . In vitro translation experiments in RRL supplemented with increasing concentrations of S10 cell extracts obtained from HeLa or IMR-32 cells (Fig. 3) demonstrated that the sab3 mutant had a significantly reduced translation capacity compared with the wild type. This is in agreement with previous studies concerning the sab3 mutation in its natural context (12, 40) . Interestingly, the sab3 IRES activity was totally refractory to supplementation with the noncanonical factors contained in the two different cytoplasmic extracts tested, a result that correlates well with the demonstration that the sab3 mutant virus replicated poorly in both cell types. Interestingly, this observation indicates that the sab3 virus is actually more handicapped than the attenuated Sabin 3 strain, which is specifically defective in neuronal cells (41) .
Another important aspect of the data presented here concerns the fact that cellular translational shut-off with the sab3 mutant was very inefficient (Fig. 6A) . One important component of host cell translation shut-off is cleavage by viral protease 2A of the eIF4G component of the eIF4F complex, which is indispensable for initiating translation of capped mRNAs (3) . By carrying out a kinetic analysis of cleavage of the two isoforms of eIF4G during infection by wild type and sab3 viruses, we observed that cleavage of eIF4GI and II was delayed in the sab3 compared with the wild type. However, the small amount of 2A protease synthesized by PV1 sab3 (indicated by an asterisk in Fig. 6A ) is sufficient to cleave all eIF4GI late in infection. Conversely, cleavage of eIF4GII was very inefficient. These data suggest that eIF4GI may be a better substrate than eIF4GII for the 2A protease and that cleavage of eIF4GI alone is not sufficient to completely shut off host cell translation. This result correlates with the work of Gradi et al. (36) , who demonstrated that cleavage of eIF4GII and not eIF4GI was responsible for the cellular synthesis shut-off, rather than Perales et al. (42) , who reported that cleavage of eIF4GI was in majority responsible for the translation shut-off. However, our data should not be taken to imply a particular role for eIF4GII in cellular protein synthesis. It could still be that the presence of either one of the two forms is sufficient to ensure residual host cell translation. Because translation initiation of the eIF4G proteins is governed via IRESs (43), it is interesting to specu- late that eIF4G synthesis is not perturbed upon PV infection. If this were the case, even larger amounts of protease would be required to continually cleave neo-synthesized eIF4G throughout the course of infection.
A reasonable interpretation of the poor translation efficiency from the sab3 IRES is that this mutant is unable to correctly bind some essential noncanonical translation factor(s), perhaps because of perturbation of the secondary or tertiary structure of domain V. More than 10 years ago, several studies led to predictions of a model of RNA secondary structure for domain V of the PV IRES (16 -19) . It has been proposed that the Sabin domain V mutations are responsible for destabilization of RNA secondary structure in this region (13) . Several cellular factors necessary for PV translation have been shown to interact with domain V of the IRES. These include PTB (44) and eIF4B (45) . Mutations that affect PV neurovirulence disrupted the interaction between these factors and the RNA (15, 45) . Moreover, the interaction between PTB and Sabin 3 RNA is altered specifically in neuronal cells (15) . In addition, a complementary study to ours showed reduced binding of PTB, eIF4B, and eIF4G to domain V of PV1(M) upon the introduction of any of the three Sabin mutations into this domain (39) .
Our melting curve data indicate that the unfolding events at low salt are essentially identical for wt and the sab1/sab2 mutant. Indeed, the Sabin 2 mutation involves only an unpaired nucleotide on the basis of the structure predictions, and Sabin 1 and 3 mutations are expected to conserve base pairing, even if the alternative base pair is weaker than the parental one (Fig. 1B) . In contrast, melting profiles of sab1/sab2 at high ionic strength exhibit a global destabilization of the first transition with respect to the wild type. This would indicate that this transition represents folding of the bulge region, which is destabilized in mutations sab1 and sab2.
The sab3 mutation concerns a region of domain V different from sab1 and sab2. Using the mfold RNA secondary structure prediction (46), we observed a shift in the base pairing of the stem when the sab3 mutation was introduced. In effect, the C 469 3 U substitution leads to a 1-base displacement of the right-hand side of the stem such that a structure is formed in which the stem is 4 nt long instead of 3 (Fig. 7, isoform B) . The delicate equilibrium between both isoforms is thus shifted to isoform B by the sab3 mutation. It has been previously proposed that the sab3 strain is attenuated in neuronal cells mainly because of impaired binding of its mutant IRES domain V to PTB (15) and that PTB might act as an RNA chaperone on the IRES RNA (39) . We suggest that this chaperone activity fails to shift the equilibrium toward the active conformation if the destabilizing sab3 mutation is present.
Interestingly, a bulge located under nt 472 in the wild type structure corresponds to a described RNA tertiary structure motif named a C motif that includes two noncanonical base pairs between A and C residues (here: A 467 -C 537 and A 535 -C 464 ) and a single A residue (here: A 536 ) (Fig. 7) . This motif is lost in the mfold predicted structure upon introduction of the sab3 mutation because in that case there is no unpaired A residue. C motifs are recognized by several RNA-binding proteins, including several procaryotic ribosomal proteins that bind the 16 and 23 S rRNAs (47) . Thus, it is tempting to propose that interactions exist between this C motif of domain V of the poliovirus IRES and some eucaryotic ribosomal proteins or translation factors. The Sabin mutations would compromise motifs used as binding sites for canonical or noncanonical translation factors that may be also necessary for correct RNA folding. The mutant IRES would thus be unable to efficiently drive internal initiation of translation in neuronal cells where translation initiation factors could be limiting or different from those in non-neuronal cells.
